"An idle brane is the devil's workshop."
The relation between physical and gravitational geometry is a basic issue of fundamental importance to both classical and quantum theory. Gravity is the geometry of space-time described by the metric g µν , which in General Relativity is prescribed dynamics by the Einstein-Hilbert action. The geometry governing the movement of matter fields in the space-time is called the physical geometryḡ µν ,
+ S(matter,ḡ µν ) .
Deviations from the postulate of minimal coupling,ḡ µν = g µν , have to be constrained experimentally [1] . For simplicity, one may consider such deviations to be given by a single scalar field φ. It can then be argued that the most general physically meaningful relation between the two metrics has the form [2] g µν = C(φ, X)g µν + D(φ, X)φ ,µ φ ,ν ,
where X = (∂φ) 2 is the kinetic term of the field. The function C gives the very well known conformal transformation. In this essay we discuss the role of the function D that gives the so-called disformal transformation.
It is easy to argue that though largely neglected in the past literature, this relation is generic. The Brans-Dicke class of scalar-tensor theories is described by a nontrivial function C; a very extensively studied example is the f (R) type of gravity theory. However, when one considers any more general scalar-tensor theory, or writes a covariant action for the metric involving any other invariant besides R, the function D must appear in the Einstein frame formulation of the theory 1 . Here our starting point, instead of an ad hoc modification of gravity, is a higher dimensional theory with pure Einstein gravity minimally coupled to matter: we will see that the resulting four-dimensional description generically involves a nontrivial function D.
The primary novel contribution of this essay is to present a generalisation of the DiracBorn-Infeld (DBI) string scenario, that predicts matter couplings of the form (2), with both functions C and D robustly derivable from first principles. It is shown that any matter residing upon the moving brane will have this coupling to our gravitational geometry, when the scalar field φ is then identified with the radial coordinate of the brane in a warped In generic compactifications, one obtains both massive and massless vector fields. In cosmology, the former manifest as dark matter and the latter as "dark radiation", both of which are non-minimally coupled to the dark energy field via the disformal relation.
In a warped flux compactification of Type IIB string theory, the ten-dimensional metric takes the form
where h = h(x a ) is the warp factor which depends only on the compact coordinates indexed by a, b = 4, ..., 9. These are the wrapped dimensions of the Calabi-Yau space. The capital indices M, N = 0, ..., 9 run over all space-time dimensions, the greek µ, ν = 0, ..., 3 over the large 4 dimensions. For simplicity we consider a probe D3-brane embedded in this background, as the set-up can readily be generalised to branes of lower codimension. In the Einstein frame the Dirac-Born-Infeld (DBI) action describing the dynamics of a D3-brane is given by
where the integration is over the brane coordinates on the world-volume, ξ µ , and the string scale 2 s gives the tension of the brane. The dilaton ϕ we assume to be stabilized as usual. The induced metric on the brane is denoted by γ µν . Finally, there appears
the gauge invariant combination of the pullback of the NSNS 2-form field B 2 and the field strength F µν of the world-volume U (1) gauge field. Below we will describe how the induced metric γ µν gives rise to the disformal relation in gravity, and the field F µν to disformally coupled matter.
Let us first focus on the geometry, see Fig. 2 . The pullback of the ten dimensional metric onto the brane world-volume is given by
Adopting the static gauge, the D3-brane fills the large dimensions such that ξ µ = x µ . We allow the compact spacetime coordinates which are transverse to the brane to be functions of the four-dimensional world-volume coordinates, x a = x a (ξ µ ). This entails that the brane may move in the internal space. With these choices, the four dimensional components of the induced metric on the brane world-volume take the form
It can be justified to consider purely one-dimensional brane trajectories in the radial direction of a warped throat [5] . Returning to Eq. (2), we may identify the scalar field φ with the canonically normalised radial coordinate of the brane, one of the x a 's in Eq. (7). Thus we have obtained the relation (2), where γ µν →ḡ µν and the functions C ∼ h It is straightforward to compute the determinant in the DBI action explicitly to separate the geometric part into the contributions from the gravitational metric and the scalar field.
To complete the picture, we include the D3-brane charge C 4 which is given by the warp factor as ∼ 1/h, as well as the potential V (φ) that may emerge from the coupling of the brane to other sectors and is in principle computable given any explicit set-up. We arrive at the following description of our four-dimensional gravity:
where all the F-dependent terms are collected into an effective matter action. Here we have written γ µν =ḡ µν , to emphasize that what we have is precisely a nontrivial realization of our starting point (1), supplemented with the Lagrangian for the scalar field that governs the relation (2).
Let us then consider the matter sources. The vector fields are associated with the open string endpoints on the brane, and may acquire masses via Stückelberg couplings to bulk two-forms. The masses will depend on the geometry and are inherently very large, such that for the late-time universe these fields will have long decayed into lighter particles, unless they are stable. In the end, for either case, we do expect massive particles on the brane, and by construction, they will be both dark and disformally coupled to gravity.
Thus we have arrived at a novel generalisation of the coupled quintessence cosmology.
In such models, the fine-tuning problem of dark energy could be alleviated by the fact that the energy density is promoted to a dynamical field, and the coincidence problem could be addressed by the direct coupling between the dark matter and dark energy components.
A crucial feature is that the coupling will affect the formation of structure in dark matter and thus will modify the predictions for the observed large-scale structure. In the equations governing the evolution of cosmological perturbations, the disformal coupling has been shown to have a considerably richer structure than the purely conformal interaction term [4] , and we
expect that the precise model presented here can be very efficiently constrained by studying the matter power spectrum at both linear and nonlinear regimes.
An even more radical possibility emerges due to the recently discovered disformal screening mechanism [6] , which can conceal the coupling from local experiments even while it has drastic consequences at cosmological scales. In the DBI string scenario presented above this suggests that our Standard Model could be residing on a moving stack of branes 3 without introducing a cosmological moduli problem. This could potentially bring new classes of string cosmologies with novel late-time phenomenology into serious consideration.
The rich phenomenology of disformal couplings has very recently attracted growing interest. Whereas the function C in (2) is a local scale transformation that leaves the causal structure untouched, the function D affects angles and thus distorts the light cones. Therefore coupling the electromagnetic field disformally results in a varying-speed-of light theory.
Constraints on such couplings have been derived from both high-precision laboratory experiments of low-energy photons [7] and from the cosmological evolution of the cosmic microwave background black-body radiation [8] . Bounds can also be derived by considering the coupling of baryonic fluids in the radiation dominated epoch of the universe evolution [9] . As we have shown here, such phenomenology can in fact be considered as a probe of extra dimensional brane movement in a robust string theoretical setting.
A note added: The theoretical underpinnings and cosmological implications of the scenario outlined here are explored much further in Ref. [10] where we refer the reader for more details. See also [11] [12] [13] for related recent studies of disformal couplings.
